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The control of unstart of a supersonic model inlet flow is demonstrated at Mach 4.7 flow
conditions using a dielectric barrier discharge (DBD) actuator. Rayleigh scattering from
condensed CO2 particles is used to visualize flow features such as boundary layers and shock
waves at low freestream static pressure (1kPa) and temperature (60K). Three inlet wall flow
conditions - a laminar boundary layer, and a tripped turbulent boundary layer with and
without plasma actuation, are tested for comparison in the measured time to unstart. The
delay of the unstart process, initiated by mass addition to the supersonic flow, is
demonstrated through the plasma actuation of the tripped freestream boundary layer when
a single DBD actuator pair is oriented parallel to the freestream flow, generating spanwise
disturbances. The effect of DBD actuation on this unstart process is limited to a region
within about 3mm from the exposed electrode edge.

I. Introduction

U

NSTART, a condition that can cause in-flight scramjet engine malfunction has been described by several
researchers.1-6 Unstart is believed to be caused by the thermal choking of the internal supersonic flow that
results from the heat release in the combustor.7-8 A rise in pressure following heat release in the inlet duct leads to
boundary layer growth and separation. This cascades into disturbances and blockage of the upstream flow.9 In
ground test facilities, it is difficult to reproduce combustion-driven unstart as it requires a facility to provide high
enthalpy supersonic flows for relatively long durations (e.g., seconds). The physics of the unstart process can be
studied by at least partially reproducing flight condition, for example, flight Mach number and pressure but low
temperature.10 In the study described here, thermal choking is mimicked by mass injection into relatively cold Mach
4.7 freestream flow. We recently demonstrated11-12 that the growth and separation of turbulent boundary layers
strongly affect the unstart process. Boundary layer control in a scramjet inlet-duct can therefore provide extended
engine performance and operating margins. There have been several studies of unstart transition delay through the
use of isolators and boundary layer bleeding.8 In this paper we present studies of dielectric barrier discharge (DBD)
actuation of turbulent boundary layers in a supersonic flows and the associated use in controlling supersonic inletduct flows.
A dielectric barrier discharge (DBD) actuator typically consists of flow-exposed and dielectric embedded
electrodes driven by alternating current (AC). An asymmetric configuration is designed to impose a force on the
ionized gas generated by the discharge and to induce a directional flow of neutral gas through collisions with the
drifting ions. Numerous studies have demonstrated effective subsonic flow control13 through separated boundary
layer re-attachment14-17, boundary layer transition delay18 and turbulent boundary layer manipulation.19,20 The use of
such DBD actuators have increased dramatically since their first introduction by Roth et al.21 The research attention
is now placed on efforts to understand the DBD actuation mechanism22, including the interactions between actuator
pairs23, and to develop robust models and simulations of actuator performance13. Unlike the case of subsonic flow
actuation, there have been only few studies24 of low power DBD actuation for the control of supersonic flows. Most
supersonic flow control studies that engage plasmas generally employ relatively high power direct current (DC)
discharges25-27. Boundary layer control is a major issue in supersonic flow research, particularly with the resurgence
in interest in the development of scramjet engines.
In our studies, important flow features (e.g. boundary layers, slip lines, shock waves, and shock-wave boundarylayer interactions (SWBLI)) are visualized by Planar Laser Rayleigh Scattering (PLRS) of a laser sheet from
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condensed CO2 particles. This diagnostic technique was first proposed by Miles and colleagues28-29 as a flow
visualization method that is suitable in low temperature and low pressure supersonic flows expanded through the
diverging section of converging/diverging nozzles. Gaseous CO2 condensed by the sudden temperature drop during
expansion and acceleration form nanometer-size particles which serve as markers of flow structure through scattered
laser light. These CO2 particles sublime in flow regions where the static temperature increases (e.g., within boundary
layers or following strong shocks), and so the boundaries between these regions are discerned with high fidelity and
contrast. This PLRS visualization enables us to observe these flow features under unstart flow conditions.
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II. Experimental Setup
The experiment consists of a supersonic flow tunnel, a laser diagnostic system, and a longitudinal DBD actuator
pair fabricated into the wall of a model inlet-duct in which air is injected through one wall, as shown schematically
in Fig 1. A blow-down wind tunnel generated by a two-dimensional converging/diverging nozzle (25:1 area ratio) is
used to produce the supersonic flow. The freestream Mach number (Ma = 4.7) of the base flow in the test section is
determined by measuring the incident/reflected shock angle on a test wedge and is independently confirmed by PIV
measurements. High pressure air and CO2 mixtures (P0 = 350 kPa and T0 = 300 K, 3:1 volume ratio) expands into
the 40 mm by 40 mm cross sectional area tunnel test section. The useful test time is approximately 5 seconds,
limited by the pressure that can be maintained in the vacuum chamber. The static pressure and temperature of the
flow in the test section during this time is approximately 1 kPa and 60 K, respectively. Optical access is provided by
windows placed on both sides of test section. Static pressure traces on the bottom wall of the tunnel are recorded
using a fast response pressure sensor (PCB Piezotronics, Model 113B26). This pressure trace will be used to
determine the time to reach unstart after jet injection (discussed below).

Figure 1. Schematic of experimental setup.

Figure 2. DBD actuator model.

The model inlet-duct is defined by two wedged flat plates (shown in Fig. 1) that span the 40 mm width of the
tunnel. The upper wedged flat plate is fabricated from a polycarbonate plate to enable laser access into the inlet duct
flow. A DBD actuator is integrated into the upper surface of the lower wedged flat plate. The portion that
accommodates the DBD actuator was fabricated out of cast acrylic, with an epoxy (Loctite Hysol 1C) serving as a
dielectric layer (approximately 2 mm thick) isolating the buried electrode from the top exposed electrode and
discharge. Both electrodes consist of a single copper metal strip, oriented parallel to the flow (streamwise direction).
The exposed and buried electrodes (0.1 mm thick) are 75 mm in length and 7 mm wide, and 75 mm in length and 25
mm wide, respectively. The exposed electrode is centered over the buried electrode, and both electrodes are placed
along the center of the model with the leading edge of the electrodes located 40 mm downstream from the model
leading edge. A 3 mm diameter hole is located at the end of the DBD actuator, 118 mm downstream of the leading
edge, to introduce a sonic air jet. As shown in Fig. 2, the laser sheet (500 μm thickness) illuminates a region of
interest. An AC power supply is used to drive the surface DBD discharge. A Rogowski coil (Pearson Electronics,
Model 2877) and a 1000:1 high voltage probe (Tektronix, P6015A) are used to record current and voltage traces,
respectively. The DBD actuator is driven at 20 kHz (with the buried electrode grounded), 6 kV peak to peak
conditions. A typical image of its emission (viewed from above) while exposed to the Ma = 4.7 flow taken by a
digital camera with 1/30 second exposure time is presented at the upper corner of Fig. 2.
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A Nd:YAG laser (New wave, Gemini PIV, 100mJ/pulse energy, 10Hz, 532nm) is shaped into a thin sheet using
two cylindrical lenses and a convex spherical lens, and is directed into the test section. A CCD camera (La Vision,
Imager Intense) detects the scattered light at 90o to the laser sheet. Laser firing for the PLRS is synchronized with
the CCD camera exposure (3 μs). The laser signal triggers the jet injection during tunnel operation and is delayed as
desired by a pulse delay generator (SRS, DG 535) to acquire images at different phases. The jet injection is
controlled by a solenoid valve (ASCO, Red Hat II) driven by a controller (Optimal Engineering System Inc.),
receiving its trigger signal from the delay generator. A sonic jet (air, 100 psi stagnation pressure and ambient
stagnation temperature) is injected into the test section through the 3 mm diameter hole in the DBD model resulting
in a flow disturbance and an overall increase in flow pressure and temperature.
Three flow configurations are studied, as shown in Fig. 3. Two wedged plates are used in all three configurations.
With two plates, the inlet flow is fully isolated from the lower and upper wall turbulent boundary layer, but still
experiences the thick (~ 1 cm) turbulent boundary layers on the side wall. In this study the height of the model flow
is 15 mm. In the first configuration (Case I), boundary layers grow naturally from the leading edge of the each plate.
For Case II and III, sand paper (120 Grit, 40 mm wide and 20 mm long) is attached to the top of the DBD model 10
mm downstream from the leading edge to trip the otherwise laminar boundary layer, creating a relatively thick
turbulent boundary. The DBD actuator is only activated in the Case III flow configuration.

Figure 3. Schematic of flow configurations: (a) Case I, (b) Case II, (c) Case III.

III. Results
A. Flow visualization of three flow configurations
The time sequential images
of Case I, II and III flow
features
while
the
flow
undergoes unstart induced by
the jet injection are illustrated
in Figs. 4, 5 and 6, respectively.
The images in Fig. 4, 5 and 6
are interrogated in two separate
PLRS frames. The left frame
illuminates the region in the
vicinity of the jet and the right
frame illuminates the upstream
region near the wedge tip. (the
flow is from right to left) All
images in this section are taken
with a laser sheet which is
aligned with the edge of the
exposed
electrode.
The
approximate
thickness
(to
within about 20%) of the
boundary layer can be estimated
by measuring the height of the
Figure 4. Time sequential PLRS images in the Case I flow configuration.
dark region on the wall. 30
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The unstart process for the Case I flow configuration is depicted in Fig. 4. The two wedged plates isolate the
flow from thick upper and lower tunnel wall boundary layer. As a result, symmetric and thin laminar boundary
layers on both upper and lower plates grow from the leading edge of the inlet walls, as shown in Fig. 4 (a). Shortly
after jet injection (approximately 15ms, Fig. 4 (b)) separated boundary layers and oblique separation shockwaves on
both plates are seen close to where the jet is injected and the flow field is abruptly disrupted. In Fig. 4 (c), boundary
layer growth and separation ensues, and the propagation of these symmetric oblique shockwaves is apparent. These
shocks eventually merge into pseudo-shocks which remain relatively stationary for some time (~10 ms) 60 mm
upstream of the jet as depicted in Fig. 4 (d). The unstart that follows (Fig. 4(e)) is caused by the eventual break down
of this pseudo-shock structure.
A similar illustration of this
unstart process for the Case II
flow configuration is presented in
Fig. 5. Here we again have a
laminar boundary layer condition
on the upper wall, but there is a
relatively
thick
turbulent
boundary layer on the lower wall
due to the the flow trip, as seen in
Fig. 5 (a). The presence of the
turbulent boundary layer leads to
an asymmetric boundary layer
condition. As a result, a relatively
strong oblique shock wave forms
on the turbulent boundary layer
side following jet injection, and
this shock propagates upstream as
depicted in Fig. 5 (b) ~ (e). The
pseudo-shock does not appear in
this case. Unlike Case I, this
oblique shockwave does not
become quasi-stationary and so,
the duration of unstart process for
Figure 5. Time sequential PLRS images in the Case II flow configuration. this configuration is much shorter
than that of Case I.
The flow results for these cases described above are reproductions of conditions described by Do et al.11,12 which
confirm that the strong oblique unstart shock is formed on the turbulent boundary layer side and is independent of
the side on which the jet is injected. The presence of a turbulent boundary layer is found to expedite the unstart
process. It was argued in those studies that the delay of unstart with symmetric laminar boundary layers is due to the
slow build-up of pressure behind the pseudo-shock. We believe that the unstart process can be delayed in the case of
a turbulent boundary layer condition by appropriate actuation to produce an increase streamwise momentum flux
within the boundary layer.
This unstart delay by DBD actuation is tested (Case III) under conditions of the Case II flow. The result of this
actuation is described in Fig. 6. We can see (by comparison to Fig. (5)) that the thickness of the freestream boundary
layer is significantly decreased and relaminarization is observed between the actuator tip and jet (Fig. 6 (a)). At the
end of the actuator, this laminarization is quickly lost and the boundary layer returns to its turbulent state. In Fig. 6
(b) and (c), the effect of this transition can be seen in the early stage of the unstart process as the appearance of
relatively strong oblique unstart shockwaves on the DBD actuator plate. However, once the unstart shock reaches
the controlled region, the structure of the shockwave appears to better resemble the pseudo-shock structure seen in
the case of the symmetric laminar boundary layer conditions (Case I). This pseudo-shock remains quasi-stationary at
a location of 70 mm upstream of the jet for approximately 2 ms, as indicated in Fig. 6 (d). While this quasistationary period is not quite as long as that of Case I, it is nevertheless apparent that the unstart process is controlled
by this transition from an oblique shock to a standing pseudo-shock. Eventually, the increase in pressure behind this
pseudo-shock leads to a breakdown in the structure, followed by flow disgorgement as depicted in Fig. 6 (e).
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Figure 6. Time sequential Rayleigh scattering images in Case III flow configuration
B. Duration of unstart process
Several unstart runs were carried out to generate some statistics on the reduction in the unstart delay generated
by this DBD plasma actuation. A quantitative marker for unstart time following jet injection is obtained from the
rise in pressure a measured by the pressure sensor located on the lower wind tunnel wall (see Fig. (7)). Figs. 7 (a)
and (b) are schematics that qualitatively represent flow conditions outside of the model inlet before and after unstart,
respectively. Before unstart, the flow is relatively undisturbed and the pressure sensor signal (represented as a blue
line in Fig. 7 (c)) is relatively steady and stable. However, once the unstart shock propagates beyond the model inlet,
the tunnel flow is strongly disturbed and a rapid increase in wall pressure is detected by the arrival of a strong
(presumably normal) shock. The unstart time, which is defined here as the time, between jet trigger signal and rise in
pressure at the location of this sensor can be determined quite accurately, as seen in Fig. 7 (c).

Figure 7. Schematic of flow condition (a) before unstart, (b) after unstart, and (c) pressure signal and jet
trigger signal
Fifty experiments were carried out for each of the three flow configurations (Cases I – III), generating
preliminary statistical data as described in Fig. 8. The histograms (and the superimposed t-distribution fits) represent
probability density functions that describe the unstart time. The blue, green and red color illustrate the results for
Case I, II and III, respectively. The averaged unstart time for Case I, II and III is 38.4 msec, 27.9 msec and 29.6
msec, respectively. The discrepancy between Case I and II is 10.5 ms and is due to the different shock structures
seen, as discussed above. With the DBD actuation, the unstart process is delayed by about 1.7 msec, i.e., by about
16% the difference in unstart time between Cases I and II, which serves as a benchmark. It is clear that the actuation
is not sufficiently robust at this time to generate unstart flow conditions comparable to those of Case I (laminar
boundary layers). Improvements must be made to the actuator configurations to improve actuator performance. To
do so, we describe below initial characterization of the detailed flow within the region of the actuators.
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Figure 8. Histgram of unstart duration and t-distribution fitting

We believe that the actuation occurs
as a result of the downward flow
induced by the DBD, that carried high
momentum fluid into the boundary layer.
This downward jet is expected to be
strongest near the edge of the exposed
electrode. Under flow conditions of Case
III (with DBD actuation), the laser sheet
location is moved to sample the flow at
various spanwise distances away from
the edge of the exposed electrode. Fig. 9
(a), (b) and (c) depict PLRS images of
the exposed electrode edge, 1.5 mm
from the edge, and 3 mm from the edge,
respectively. It is apparent that a
relaminarization of the boundary layer
occurs in Fig. 9 (a). However, the
diminishing of this relaminarization, as
seen in Fig. 9 (b), and Fig. 9 (c), implies
that this relaminarization is confined to a
relatively small region of the flow, in the
vicinity of the actuator edge (within
about 3 mm). We believe that we can
enhance the effectiveness of this DBD
actuation for unstart delay by increasing
this actuation area. Future studies will
include the use of multiple electrodes in
the DBD design to access a greater
volume of the free stream flow.

Figure 9. PLRS images of laser sheet intersecting the plane crossing
(a) exposed electrode edge, (b) 1.5 mm from the edge, and (c) 3 mm
from the edge.

IV. Conclusion
In this paper, we examine the use of dielectric barrier discharge actuators as a possible method of controlling
mass injection-induced unstart in a model supersonic inlet flow. Flow features are visualized by Planar Laser
Rayleigh Scattering off of condensed CO2 particles. Three inlet model flow configurations, all of which use two
wedged plates to isolate the flow from thick upper and lower turbulent tunnel wall boundary layers, were
investigated (Cases I-III). In the Case I flow configuration, the upper and lower wall of the inlet flow have
symmetric laminar boundary layers that grow naturally from tip of the plates. For this configuration, a pseudo-shock
structure that is stationary for about 10 msec is observed to form during the unstart process. In the Case II flow
configuration, an asymmetric boundary layer condition is established, with a tripped boundary layer on the DBD
actuator side. Here, a pseudo-shock does not appear and instead, a strong oblique unstart shock dominates the
dynamics of this unstart. Partial control of this unstart seen in Case II is demonstrated by DBD actuation on the
tripped boundary layer (Case III). The actuation results in a suction-like plasma response, which draws high
momentum fluid from the core into the turbulent boundary layer. PLRS images suggests that a local relaminarization occurs, and with that, the shock structure appears more of a resemblance to the pseudo-shock
structure seen for Case I. This pseudo-shock is also quasi-steady (but its lifetime is shorter than that of Case I).
Preliminary statistical studies are conducted to quantify the unstart margin for these three cases, by defining the
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unstart time as the time relative to the triggering of the jet, for a pressure disturbance to be detected outside of the
inlet flow, along the lower tunnel wall. This unstart time for Case II is reduced by about 2 ms by the application of
the discharge, suggesting that in its present configuration, this actuator is weakly effective. The effective suction is
found to be highly localized (to the vicinity of the edge of the upper electrode), and future experiments will examine
the possible increase in the robustness of this unstart control by distributing multiple actuators across the spanwise
direction of the inlet flow.
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